MicroRNAs (miRNAs) form a class of short RNAs (∼21 nucleotides) that post-transcriptionally regulate partially complementary messenger RNAs. Each miRNA may target tens to hundreds of transcripts to control key biological processes. Although the biochemical reactions underpinning miRNA biogenesis and activity are relatively well defined 1,2 and the importance of their homeostasis is increasingly evident, the processes underlying regulation of the miRNA pathway in vivo are still largely elusive 3 . Autophagy, a degradative process in which cytoplasmic material is targeted into double-membrane vacuoles, is recognized to critically contribute to cellular homeostasis. Here, we show that the miRNA-processing enzyme, DICER (also known as DICER1), and the main miRNA effector, AGO2 (also known as eukaryotic translation initiation factor 2C, 2 (EIF2C2)), are targeted for degradation as miRNA-free entities by the selective autophagy receptor NDP52 (also known as calcium binding and coiled-coil domain 2 (CALCOCO2)). Autophagy establishes a checkpoint required for continued loading of miRNA into AGO2; accordingly, NDP52 and autophagy are required for homeostasis and activity of the tested miRNAs. Autophagy also engages post-transcriptional regulation of the DICER mRNA, underscoring the importance of fine-tuned regulation of the miRNA pathway. These findings have implications for human diseases linked to misregulated autophagy, DICER-and miRNA-levels, including cancer.
AGO (ref. 1)
. AGO then detaches from DICER to bind TNRC6 (ref. 4) , an essential cofactor in the miRNA-induced silencing complex (miRISC). Activated miRISC can then repress miRNA-targeted mRNA by inhibiting its translation and accelerating its decay 2, 5 . The mechanisms regulating RNA and protein components of miRNA pathways in vivo have only recently gained attention in mammals. Hence, mammalian miRNA turnover can be enhanced through nucleotide trimming-tailing 6 or the exonuclease Xrn2 (ref. 7) , and limited evidence suggests that a fraction of unloaded Ago may be selectively targeted for degradation 8 . Interestingly, DICER protein levels undergo fine-tuning mediated both by DICER substrates through competition of pre-miRNA with DICER mRNA for XPO5-dependent nuclear-cytoplasmic export, and by DICER products through repression of the DICER mRNA by specific mature miRNAs in distant organisms including humans 9 and plants 10 . Thus, a requirement for fine-tuned, homeostatic regulation of miRNA pathways seems to be conserved across kingdoms.
Macroautophagy (herein referred to as autophagy) is an intracellular degradation process contributing to cellular homeostasis 11 . Thirty-six conserved autophagy-related (ATG) proteins control the initiation and elongation of double-membrane autophagosomes, engulfing cargoes that are ultimately degraded on fusion with lysosomes 11 . Selective degradation is enabled by autophagy receptors, including p62 (SQSTM1; ref. 12 ) and NDP52 (ref. 13) , that bind both cytosolic substrates and Atg8 (that is, LC3) family proteins inserted into the autophagosome membrane. The detailed molecular mechanisms underpinning cargo selectivity are only emerging. Accordingly, autophagy receptors may confer some cargo selectivity by recognizing conjugated ubiquitin 14 , although this may also occur through recognition of other modifications or molecules independently of ubiquitin 13, 15 . It has previously been shown that several miRNA Total   ATG5  ATG7  p62  NDP52  GAPDH  GAPDH   170  170  95   170  170  95  72  72   72   95  72  95  72  37 pathway components, including DICER, AGO and TNRC6, associate with membranes [16] [17] [18] . In this context, we proposed that autophagy might modulate the levels of these or other proteins or RNAs involved in miRNA biogenesis and action, by promoting their regulated degradation 19 . To investigate the potential contribution of autophagy to the degradation of cytosolic miRNA-containing complexes, HeLa cells were depleted of the key autophagy components ATG5, ATG6 or ATG7, or of the selective autophagy receptors NDP52 or p62 using short interfering RNAs (siRNAs). AGO2, AGO1 and DICER accumulated in cells depleted of ATG5, ATG6, ATG7 or NDP52, but not of p62 (Fig. 1a,b) . In contrast, siRNA-mediated depletion of the autophagy machinery did not result in elevated levels of the key miRISC component TNRC6 (ref. 4) , the AGO-interacting protein FXR1 or EF1A, an AGO-binding protein that mediates AGO-dependent inhibition of translational elongation 20 ( Fig. 1a) . Activating autophagy by serum starvation or with an mTOR inhibitor (rapamycin, (RAP)) decreased DICER and AGO2 levels (Fig. 1c,d ). DICER levels vary among representative cell lines (Fig. 1e) , and DICER levels decreased in each line tested on treatment with mTOR inhibitors (RAP, PP242; Fig. 1f) . Conversely, DICER and AGO2 levels increased in HeLa cells treated with inhibitors of lysosomal acidification (bafilomycin A1 (BAF), chloroquine (CQ)), known to block autophagy (Fig. 1g,h ). Moreover, DICER levels decreased by RAP treatment were rescued by co-treatment with BAF (Fig. 1h) . The protein detected with anti-DICER monoclonal antibody was confirmed to be DICER by its selective depletion with siRNA targeting DICER mRNA and specific labelling of HeLa cells by confocal microscopy, which was consistent with the uneven cytoplasmic distribution of endogenous DICER previously reported 21 ( Fig. 1i,j) . The effects of autophagy-modulating treatments on DICER, AGO1 and AGO2 were at the protein level, as their mRNA levels remained unchanged (Fig. 1k,l) .
Analysis by confocal microscopy showed that DICER significantly co-localized with a fraction of the autophagy receptor NDP52 in HeLa cells (using Costes', Fay's or van Steensel's tests for non-random co-localization, P < 0.0001); moreover, this co-localization increased 3.2-fold in cells treated with RAP (Fig. 2a,b , Costes', Fay's and van Steensel's tests, P < 0.0001), consistent with targeting of DICER to NDP52-dependent autophagy (Fig. 1a,b ). Also consistent with targeting of DICER for autophagic degradation, DICER co-localized significantly with the autophagolysosome marker HcRed-LC3 and this co-localization increased 6.7-fold in cells treated with BAF (Fig. 2c,d , Costes', Fay's or van Steensel's test, P < 0.0001, BAF and control treated). In contrast, no co-localization was observed between autophagy markers and GFP-labelled DCP1A, an AGOassociated mRNA decapping factor that localizes to cytoplasmic bodies 22 (P-bodies; Fig. 2e ). We then sought evidence for the physical association of DICER and AGO2 with autophagosomes. First, using electron microscopy in CQ-treated cells, we confirmed the accumulation of membranebound structures containing irregular electron-dense, vesicular and organellar content, hallmark features of autophagolysosomes 23 , in which DICER was enriched when compared with the surrounding cytoplasm ( Fig. 2f-i) . Second, we isolated autophagosome-and autophagolysosome-enriched cell fractions using density gradients 24 . As expected, ubiquitin and the autophagy receptors NDP52 and p62 accumulated in fractions containing autophagosomes and autophagolysosomes in CQ-treated cells (Fig. 2j,k) . In contrast, ALIX, a marker of multivesicular bodies that associate with TNRC6 (ref. 16 ), did not accumulate in these fractions, nor did the miRISC component TNRC6 or the P-body-associated DCP1A (Fig. 2j) . In contrast, DICER and AGO2 were detected in autophagosome and autophagolysosome fractions from CQ-treated cells (Fig. 2j) . Taken together, the data presented in Figs 1 and 2 strongly support the idea that autophagy degrades DICER and AGO2 in an NDP52-selective manner. These results further suggest that autophagy-mediated regulation occurs upstream of the formation of miRISC (probed with TNRC6) and miRISC activity (probed with EF1A and DCP1a).
DICER and AGO2 localize to NDP52-labelled autophagosomes (Fig. 2a ,b,j) and are subject to NDP52-dependent autophagy (Fig. 1a,b ), suggesting that they may interact with NDP52. Previous studies showed that NDP52 binds GEMIN4 (ref. 25) , a component of the multi-protein SMN (survival of motor neuron) complex involved in mRNA splicing, which also localizes to the cytoplasm. GEMIN4 and GEMIN3 are routinely found associated with AGO proteins, in complexes also containing DICER (ref. 26) , albeit for reasons not yet understood. We thus considered the possibility that GEMIN4 may link AGO2 and DICER to NDP52 and promote their autophagic degradation. GEMIN4 was detected in autophagosome-enriched fractions of CQ-treated cells and GEMIN4 levels were sensitive to depletion of ATG5, ATG6 or ATG7, and to modulation of autophagy by serum starvation or with drugs ( Fig. 3a-c) , suggesting that GEMIN4, similarly to DICER or AGO2, is degraded by autophagy. We confirmed that GEMIN4 immunoprecipitates with NDP52 but not with the distinct autophagy receptor, p62 (Fig. 3d ). In agreement with the previously reported co-enrichment of DICER and GEMIN4 in AGO complexes 26 , DICER immunoprecipitates contained GEMIN4 (Fig. 3e ) and, conversely, AGO2 immunoprecipitates contained GEMIN4 and DICER (Fig. 3f) . Furthermore, NDP52 co-immunoprecipitated with DICER ( Fig. 3e) . Collectively, these data suggest that DICER, AGO2 and GEMIN4 are targeted to autophagic degradation through their association with NDP52.
As both GEMIN3 and -4 associate with AGO (refs 26,27) , the two proteins were co-depleted in subsequent investigations to prevent potential functional redundancy (Fig. 3g ). AGO2 accumulated in HeLa cells depleted of GEMINs (Fig. 3h ) but did not accumulate significantly further in cells depleted of both GEMINs and ATG5 ( Fig. 3h) , suggesting that GEMINs operate in the same pathway as ATG5, which mediates autophagy-dependent AGO2 degradation. NDP52 recognizes both ubiquitylated and ubiquitin-independent cargoes for delivery to autophagosomes 13 . In cells depleted of NDP52 or ATG5, ubiquitylated AGO2 or a ubiquitylated protein tightly associated to AGO2, accumulated to high levels (Fig. 3i) . Thus, NDP52 may selectively direct AGO2 to autophagy using non-mutually exclusive and parallel recognition events including binding of AGO2 by GEMIN4 and post-translational modification of AGO2 or associated partner(s) by ubiquitin. In contrast, DICER levels were not significantly affected by depletion of GEMINs (Fig. 3h) , even though DICER associates with GEMIN4 and NDP52 (Fig. 3e) , co-localizes with NDP52 ( Fig. 2a) and is degraded in an NDP52-dependent manner (Fig. 1b) . Dicer may thus be recruited to NDP52-dependent autophagic degradation through multiple recognition events potentially compensating for the absence of GEMINs.
As lysosomes contain RNA-degrading nucleases, we investigated whether autophagy might degrade pre-miRNA or miRNA cargoes along with DICER or AGO2. The levels of ubiquituous miRNAs (for example, miR-16 and let-7a) and their corresponding miRNA * and pre-miRNA were, however, unperturbed in cells treated with BAF or ATG5-targeting siRNAs (24 h, Fig. 3j and Supplementary Fig. S1a) . Similarly, mTOR inhibitors RAP or PP242 did not affect the levels of tested miRNAs (Supplementary Fig. S1b ). DICER and AGO2 levels were clearly altered by these treatments (Figs 1c,h and 3j), strongly suggesting that pre-miRNA, miRNA * and miRNA are not degraded by autophagy in association with DICER or AGO2. This suggests that miRNA-free (that is, unloaded) AGO2 should specifically accumulate in autophagy-compromised cells. Indeed, significantly less miR-16 and let-7a was detected in AGO2 immunoprecipitates from BAF-treated cells (Fig. 3k) . Taken together, these data suggest that a complex of DICER and AGO unattached to miRNA-related cargoes is selectively targeted for autophagy.
miRNA levels are not affected by short-term alterations to autophagy ( Supplementary Fig. S1a-b) , consistent with their avoidance of direct autophagic degradation. However, miRNAs have surprisingly long halflives (∼5 days; ref. 28) , suggesting that more extended periods might be required to destabilize miRNA levels as a consequence of perturbed homeostasis of key proteins involved in their biogenesis or stability, including DICER or AGO. Levels of miR-16 and let-7a, measured by northern blotting or quantitative PCR with reverse transcription (RT-qPCR), indeed decreased significantly in cells treated with siRNAs targeting NDP52, ATG5 or ATG7, but not p62, for an extended period of 4 days (Fig. 4a,b) . In contrast, pre-miR-16 and pre-let-7a levels were not overtly modified (Fig. 4a-c) , suggesting that prolonged defects in autophagy specifically affect miRNA stability after pre-miRNA processing, but before miRISC formation and activity (Figs 1 and 2) .
We considered the possibility that the miRNA-degrading exonuclease XRN2 might be degraded by autophagy; its excess triggered by autophagy inhibition could then cause miRNA levels to decrease. Arguing against this, XRN2 was not detectable in autophagosome-enriched Lysosomes fractions and XRN2 levels were unaffected by ATG7 siRNA treatments ( Supplementary Fig. S1c-d) . miRNA are also destabilized by trimming-tailing, which generates diagnostic ladder-like patterns on northern blots 6 ; however, we did not observe such patterns (Fig. 4a) . This suggests that in autophagy-deficient cells, miRNA levels decrease independently of known pathways of miRNA degradation. Others have demonstrated that impediments to AGO-loading cause a drop in miRNA levels 16, [28] [29] [30] . As DICER and AGO both bind miRNA-miRNA * duplexes and promote their loading into AGO (refs 17,29-31) , DICER and AGO2 degradation through autophagy may modulate loading of AGO2 and, consequently, miRNA levels. To test directly for effects on AGO loading, miRNA-miRNA * complexes were incubated with lysates of HeLa cells subjected to various treatments. In lysate from untreated cells, miRNA and miRNA * strands were detected in ultraviolet-crosslinked AGO2 complexes consistent with their loading into AGO2 (Supplementary Fig. S2 ). As expected, miRNA strands were more efficiently loaded into AGO2, retrieved by immunoprecipitation, than miRNA * strands (Fig. 4e-g  and Supplementary Fig. S2a ) and incorporation of both small RNA species was impeded by geldanamycin, an hsp90 inhibitor that blocks AGO loading with small RNAs (ref. 32) (Fig. 4e-g ). Fewer miRNA and miRNA * strands were also loaded into AGO2 in lysates from BAF-treated cells (Fig. 4e-g ), demonstrating that active autophagy is required for continued transfer of miRNA-miRNA * duplexes into AGO2. Consistent with a block in transfer of miRNA-miRNA * duplexes into AGO, the levels of miR16-1 * and let-7a * were reduced proportionally to those of miR16-1 and let-7a when NDP52, ATG5 or ATG7 was depleted by siRNAs (Fig. 4d) .
To determine the consequence of this defect in AGO-loading on miRNA activity while eliminating any potential impact of autophagy on pre-miRNA processing or upstream steps, we measured the activity of exogenously delivered siRNA-siRNA * duplexes. To also rule out any confounding, autophagy-unrelated effects of mTOR, such as generalized suppression of cap-dependent translation 33 , the following experiments involved siRNAs targeting ATG5 or ATG7 to block autophagy at the level of autophagosome biogenesis, downstream of mTOR. In autophagy-deficient cells, a siRNA-siRNA * duplex, but not a missense control, silenced a Renilla reporter with partially complementary sites less efficiently than in control cells (Fig. 5a ). These data demonstrate that autophagy is required for continued loading of miRNA-miRNA * duplexes into AGO and for their durable activity (Figs 4e-g and 5a) , consistent with homeostatic degradation of DICER-AGO2 complexes by autophagy (Figs 1 and 2 ). To determine whether autophagy also regulates endogenous miRNA action, we employed a second dualluciferase reporter 34 ( Fig. 5b, diagram) for let-7 activity, which was indeed less efficiently repressed on depletion of NDP52, ATG5 or ATG7 (Fig. 5b) . Furthermore, accumulation of endogenous RAS (targeted by let-7; ref. 35 ), HMGA2 (targeted by let-7; ref. 36) or cyclin-dependent kinase 6 (CDK6, targeted by let-7a and miR-16; ref. 36 ) was increased in ATG7-depleted cells, reaching levels similar to those observed when miRNA activity was directly inhibited with antagomirs (Fig. 5c) .
As DICER mRNA is a direct target of let-7a (ref. 9), we finally investigated the contribution of decreased let-7a activity (Fig. 5b,c) to the overall gain in DICER protein levels observed on autophagy inhibition. Confirming repression of the DICER 3 UTR by let-7a, a let-7 antagomir increased the stability of the DICER 3 UTR in a dual-luciferase assay (Fig. 5d) and caused endogenous DICER protein to over-accumulate (Fig. 5e) . DICER protein also accumulated in cells depleted of ATG7, reaching levels higher than those attained with the let-7 antagomir alone (Fig. 5e) , consistent with autophagy regulating DICER by both protein degradation (Figs 1 and 2 ) and miRNA-mediated post-transcriptional processes (Fig. 5d,e) . Moreover, inhibition of autophagy with ATG5-targeting siRNAs also augmented translation controlled by the DICER 3 UTR (Fig. 5f ). Together, these results suggest that autophagy regulates DICER at two distinct levels: through NDP52-dependent protein degradation (Figs 1 and 2 ) and through post-transcriptional control of the DICER transcript. Thus, autophagy engages DICER, and possibly AGO2, in multilayered regulatory mechanisms impacting miRNA accumulation and activity.
Previous evidence hinted that miRNA-free AGO2 is degraded by an unknown mechanism: obstructing DICER-dependent AGO2 loading with miRNA-miRNA * duplexes caused AGO2 degradation in a manner only partly rescued with the proteasome inhibitor MG132 (ref. 8) . Similarly, plant Ago1 is degraded possibly in an unloaded form 37 in an MG132-independent but autophagy-dependent manner 38 . We have shown that the critical components of miRNA biogenesis complexes, DICER and AGO2, are selectively degraded through NDP52-dependent autophagy while inactive, that is, without their pre-miRNA, miRNA or miRNA * cargoes. Removal by autophagy of these inactive DICER-AGO2 complexes from the cellular pool seems required for persistent function of the remaining DICER-AGO2 complexes in stabilizing miRNA-miRNA * duplexes and transferring them into AGO (refs 29,30) . Indeed, autophagy-deficient cells exhibit decreased AGO-loading with miRNA and miRNA * (Fig. 4e,g ), diminished miRNA and miRNA * levels ( Fig. 4a-d ) and reduced silencing activity of exogenous siRNA-siRNA * duplexes (Fig. 5a) . Hence, inactive DICER-AGO2 complexes targeted to autophagy may compete with active complexes for cellular cofactors, substrates or targets. Strikingly, therefore, in both plants 38 and metazoans, autophagy may be required for homeostatic clearance of miRNA-free DICER and AGO pools.
NDP52 and p62 can recruit ubiquitylated and ubiquitin-independent cargoes for autophagic degradation 13, 15 . Similarly, our evidence suggests that multiple recognition events might recruit DICER and AGO2 to NDP52-dependent autophagy, including GEMIN4 association and ubiquitylation. Provision of selectivity to autophagy is increasingly recognized to require complex and multiple recognition events that will certainly deserve careful attention in the future. Our findings predict that AGO-loading, miRNA abundance and miRNA activity may be perturbed by pathogens, stresses or diseases, known to alter autophagy 11 . Autophagy regulators, including PIK3CA, ATG6 (beclin 1) and PTEN, are, for instance, frequently mutated in cancers and several core autophagy genes were identified as tumour suppressors 39 . Consistent with this idea, autophagy is often aberrantly inhibited in cancer cells 39 . Incidentally, several studies have also reported global downregulation of miRNAs in most types of tumour, correlating with less differentiated and proliferative states 40 . Our results thus suggest that autophagy inhibition in cancer cells may well be causal in this global decrease in miRNA levels, providing a potential mechanistic link between these two seemingly disparate phenomena.
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